We isolated a pollen-preferential gene, RICE IMMATURE POLLEN 1 (RIP1), from a T-DNA insertional population of japonica rice that was trapped by a promoterless b-glucuronidase (GUS) gene. Semi-quantitative reverse transcription-PCR (RT-PCR) analyses confirmed that the RIP1 transcript was abundant at the late stages of pollen development. Transgenic plants carrying a T-DNA insertion in the RIP1 gene displayed the phenotype of segregation distortion of the mutated rip1 gene. Moreover, rip1/rip1 homozygous progeny were not present. Reciprocal crosses between Rip1/rip1 heterozygous plants and the wild type showed that the rip1 allele could not be transmitted through the male. Microscopic analysis demonstrated that development in the rip1 pollen was delayed, starting at the early vacuolated stage. Close examination of that pollen by transmission electron microscopy also showed delayed formation of starch granules and the intine layer. In addition, development of the mitochondria, Golgi apparatus, lipid bodies, plastids and endoplasmic reticulum was deferred in the mutant pollen. Under in vitro conditions, germination of this mutant pollen did not occur, whereas the rate for wildtype pollen was 490%. These results indicate that RIP1 is necessary for pollen maturation and germination. This gene encodes a protein that shares significant homology with a group of proteins containing five WD40 repeat sequences. The green fluorescent protein (GFP)-RIP1 fusion protein is localized to the nucleus. Therefore, RIP1 is probably a nuclear protein that may form a functional complex with other proteins and carry out essential cellular and developmental roles during the late stage of pollen formation.
Introduction
Pollen development is initiated by the formation of a tetrad of four haploid microspores through two rounds of meiosis (McCormick 1993 , McCormick 2004 . The microspore finally develops, via cell divisions and differentiation, into a tricellular mature pollen grain that contains a vegetative cell and two sperm cells. During the early stages, the young microspores start to be vacuolated after their release from the tetrad. After a large centralized vacuole forms, the first pollen nuclear division occurs, producing a large vegetative cell and a generative cell. Then, the generative cell undergoes a second mitosis to form two sperm cells (Raghavan 1988 , McCormick 1993 , McCormick 2004 . The first mitosis represents a key switch in gametophyte formation, defining the transition from microspore development to the maturation phase (Datta et al. 2002) . During this process, a decrease in vacuole size is initiated, and various subcellular organelles, e.g. the mitochondria, plastid, endoplasmic reticulum and lipid bodies, begin to develop. The second mitosis then occurs in plants with trinucleate pollen, such as Arabidopsis, rice and maize (Raghavan 1988 , Tanaka 1997 . At this mature stage, the filling of starch in pollen grains is completed and the pollen cytoplasm is full of larger starch granules (Datta et al. 2002) . Concurrently, the vacuole is greatly reduced while the intine layer of the pollen wall is extended (Raghavan 1988 , Ariizumi et al. 2004 ). In addition, the pollen cytoplasm undergoes several important metabolic changes, including lipid biosynthesis, protein synthesis and ribosome biogenesis (Niewiadomski et al. 2005) .
By applying strategies of mutagenesis and gene tagging in Arabidopsis thaliana, several gametophytic mutants that affect male gametogenesis have now been isolated (McCormick 2004 , Bosch et al. 2005 . For example, the sidecar pollen mutant generates an extra vegetative cell (Chen and McCormick 1996) . Likewise, solo mutants fail to divide at the first mitosis, resulting in unicellular pollen formation , whereas limpet pollen (lip) blocks migration of the generative cells, so that they remain up against the pollen wall ). Lalanne and Twell (2002) have isolated two male gametophytic mutants, germ unit malformed (gum) and male germ unit displaced (mud), with defects in the organization or positioning of the male germ unit. Furthermore, gemini pollen1 (gem1) affects mitotic cytokinesis events within the microspore , while both duo pollen1 (duo1) and duo pollen2 (duo2) mutations interrupt generative cell division, thereby affecting their gametophytic development (Durbarry et al. 2005) . Also, loss-of-function mutations in CDKA encoding cyclin-dependent kinase result in lethality of the male gametophyte. The mutant produces mature bicellular pollen grains due to failure of pollen mitosis II (Iwakawa et al. 2006) . By employing a genetic screen in Arabidopsis, Johnson et al. (2004) isolated 32 haploid-disrupting (hapless) mutations that define genes required for pollen grain development. One of them was due to a mutation in hap1, a gene whose ortholog is important for Drosophila cell polarity. A T-DNA insertional mutant in a gene encoding ADL1C, which is similar to dynamin-like protein, causes defects in the plasma membrane and intine morphology (Kang et al. 2003) . By screening pollen with decolorized aniline blue, the raring-to-go (rtg) mutation has been identified that causes premature pollen germination inside the anther at the binucleate pollen stage, resulting in the complete block of fertilization after dehiscence (Johnson and McCormick 2001) .
For successful reproduction in higher plants, pollen should germinate only after reaching a compatible stigma and finally growing into the embryo sac within the ovule through the style. Several genes responsible for transporting or stabilizing subcellular components during pollen maturation or germination have been isolated by studying mutants that show distorted segregation through the male gametes. The poky pollen tube (pok) mutant is impaired in pollen tube elongation (Lobstein et al. 2004) . The seth1 and seth2 mutations almost entirely stop male transmission through reduced germination and pollen tube growth (Lalanne et al. 2004 ). SETH1 and SETH2 encode Arabidopsis homologs of two conserved proteins active in the first step of the glycosylphosphatidylinositol biosynthetic pathway, which provides an alternative to transmembrane domains for anchoring proteins to the cell surfaces in eukaryotes. The gene encoding the exocyst component ortholog, AtSEC8, is required for both pollen germination and competitive pollen tube growth (Cole et al. 2005) . The significance of the calcium signaling pathway during pollen germination and tip growth has been studied with the Arabidopsis no pollen germination 1 (ngp1) gene that encodes a protein related to calmodulin (CaM)-binding proteins. The mutated NPG1 is not transmitted through the male gametophyte (Golovkin and Reddy 2003) .
Although significant knowledge has been accumulated concerning male gametogenesis and transmission in model dicot plants, little is known of those processes in monocot species. Although a male-specific transmission defect, through a mutation in the maize ROP2 GTPase gene, has been studied at the molecular level, related functional approaches are rare due to the difficulty of screening mutants (Arthur et al. 2003) . To facilitate these approaches, we have previously used the b-glucuronidase (GUS) gene trap system to identify easily insertional mutations in genes that are preferentially expressed during male gametogenesis (Jung et al. 2005) . Here, we describe a rice immature pollen 1 (rip1) mutant that is severely delayed in its late pollen development.
Results

Isolation of a pollen-preferential gene
To isolate the genes that are preferentially expressed in a certain organ or tissue, we previously constructed gene trap vectors in which a promoterless GUS gene was placed immediately next to the T-DNA right border so that insertion of the T-DNA within a gene could generate a fusion between an endogenous gene and the GUS reporter. Using those vectors, we have now generated 4100,000 transgenic lines that each contain an average 1.4 copies of T-DNA (Jeon et al. 2000 , Jeong et al. 2002 , Jung et al. 2003 , Ryu et al. 2004 . GUS analysis of the developing spikelets from 14,000 independently transformed plants has identified seven lines with preferential GUS activity in their pollen.
In this study, we characterized line 0-329-72, which displayed pollen-preferential GUS expression from the late vacuolated stage to the mature pollen stage (Fig. 1A) . GUS signaling was not detected in other reproductive organs. Cross-sections of the anthers revealed that about half of the pollen grains were stained by GUS assay (Fig. 1D, E) . Anther walls and other organs were GUS negative. In the vegetative tissues, weak GUS expression was detected only in the sheaths (data not shown).
T-DNA insertion occurs in a pollen-preferential gene that encodes a protein with WD40 motifs
The DNA sequence flanking T-DNA was isolated by thermal asymmetric interlaced (TAIL)-PCR, using cDNA made from RIP1 heterozygous (Rip1/rip1) flowers that showed GUS expression (Liu et al. 1995 , Jung et al. 2005 . Here, T-DNA was inserted at 2,391 bp upstream from the putative gene Os12g0132400 (The Institute for Genomic Research, http://www.tigr.org/tdb/e2k1/osa1/ LocusNameSearch.shtml), which is located on chromosome 12 ( Fig. 2A) . This gene was predicted based on the 746 bp cDNA clone J013001E23 (GenBank accession No. AK111507). Because no gene had been described where that T-DNA was inserted, we postulated that the annotation is incorrect in that region. One possibility is that the cDNA clone J013001E23 is partial. Therefore, we employed 5 0 rapid amplification of cDNA ends (RACE) PCR to obtain the 5 0 region of the cDNA. This approach revealed a cDNA clone containing a 1,398 bp open reading frame of 466 amino acids (GenBank accession No. D491004Q). Comparison of the cDNA with the genomic sequence showed 12 introns, ranging from 84 to 655 bp. We named this gene RICE IMMATURE POLLEN 1 (RIP1). Sequencing both ends of the insertion site showed that two T-DNA copies were inserted in inverse orientation at 360 bp downstream from the ATG start codon, in the second intron of the gene (Fig. 2B) .
Another gene (Os11g0134500) encodes a protein with 99% similarity to the RIP1 protein. The full-length cDNA clone (AK111725) for this gene is present in the Knowledge-based Oryza Molecular Biological Encyclopedia (KOME) (http://cdna01.dna.affrc.go.jp/ cDNA/). Numbers and positions for the introns are identical between these two rice genes. Because the lengths of their introns are also very similar, we believe that they have diverged recently. The proteins that showed extensive homologies to the rice proteins are present in other species (Supplementary Fig. 1 ): RIP1 protein with 78% similarity to A. thaliana AAK43883.1, 77% to Solanum tuberosum ABB72800.1, 71% to Tortulia ruralis AAN40972.1, 59% to Homo sapiens glutamate-rich WD repeat containing 1 (GRWD1, AAK17998.1), 55% to Xenopus tropicalis GRWD1 (AAH64215.1), 53% to Saccharomyces cerevisiae RRB1 (CAA88556.1), 56% to Drosophila melanogaster AAL49099.1, 52% to Caenorhabditis elegans AAF60780.2, and 60% to Mus musculus GRWD1 (AAH83143.1). All these data demonstrate evolutionary conservation among the proteins. Multiple alignments also showed that the five WD40 repeat sequences were conserved (Fig. 2C ). In addition, the N-and C-terminal sequences were well conserved, strongly suggesting functional similarity among these WD40 proteins. In particular, the N-terminal regions of the plant WD40 proteins had conserved K-rich regions and acidic domains. We examined the expression pattern of the WD40 genes by semi-quantitative reverse transcription-PCR (RT-PCR) analyses, using gene-specific primers and total RNA prepared from various organs. Because their nucleotide sequences are highly homologous between RIP1 and Os11g0134500, RNA gel blot analysis would have been unable to distinguish between the two different transcripts. Our RT-PCR analysis of the mature spikelets showed that the RIP1 transcript was present in large quantities in the anthers but only at a low level in other floral organs (Fig. 3A) . In the developing anthers, this gene was most active at the late vacuolated and mature pollen stages, and was only weakly expressed in the young anthers at earlier developmental stages (Fig. 3B ). As expected, expression was lower in RIP1/rip anthers than in the wild-type anthers (Fig. 3C ). Real-time PCR analyses also support the observation that the rip1 transcript level was low in the heterozygous anthers ( Fig. 3D , Supplementary Fig. 2A ). In contrast, the transcript of Os11g0134500 was present at similar levels in different floral organs and at various stages of anther development, and was not reduced in the RIP1/rip1 anthers.
T-DNA insertion into the RIP1 gene causes defective male gametophyte development
To elucidate the functional roles of RIP1, we closely examined the phenotypic alteration in line 0-329-72, which carries a T-DNA insertion within that gene. No defects were visible in any portion of the primary transgenic plant, including the anthers. However, when we determined the segregation ratio in progeny for the T-DNA insertion, no homozygous plants were found, and wild-type and heterozygous plants segregated at a 1 : 1 ratio (93 : 88, 2 ¼ 0.138). These observations suggest that either the male or the female gametophyte was defective in this T-DNA insertional line. However, because the T-DNA-tagged gene was preferentially expressed in the pollen, it is quite likely that the segregation distortion was caused by a malfunction in the male gametophyte.
To confirm that rip1 is a male gametophytic mutant, RIP1/rip1 plants were reciprocally crossed to the wild type, and their progeny were genotyped. When RIP1/rip1 plants were used as a female (pollen receiver), both wild-type and heterozygous progeny were obtained (42 : 6). However, when those RIP1/rip1 plants were crossed as a male (pollen donor), only wild-type progeny were produced (80 : 0). These experiments confirmed that the RIP1 mutation caused a defect in the male gametophyte, so that the rip1 allele could not be transmitted through the male. The result also suggests that the RIP1 mutation partially affects the female gametophyte.
Expression patterns indicated that the RIP1 gene functions in the late stages of pollen development. Using anthers collected at various stages, we spread the pollen grains from single anthers of the wild-type and RIP1/rip1 plants on slide glass and examined their morphologies under a bright microscope. At the microspore stage ( Fig. 4A ) in the wild type, the microspores started to generate central vacuoles and formed a germination pore as exine was deposited on the pollen wall. In the early vacuolated stage (Fig. 4C ), which precedes pollen mitosis I, vegetative and generative cells were produced. The vacuole size increased continuously until binucleated pollen appeared. At the late vacuolated stage (Fig. 4E) , the central vacuoles began to shrink but cytoplasm density increased. Following mitosis II, the mature stage ( revealed the generation of trinucleate pollen that consisted of two sperm cells and a vegetative cell. By that stage, the large vacuoles had nearly disappeared and the pollen grains were mature.
Although no differences were visible between pollen grains from the wild-type and RIP1/rip1 anthers at the microspore stage (Fig. 4A, B) , alterations became apparent at the early vacuolated pollen stage (Fig. 4C, D) . Two types of pollen grains were found in the RIP1/rip1 anthers. Whereas about a half (871/1,625) of the grains (RIP1) developed as normally as those in the wild type, the rest were smaller and central vacuole development was delayed (Fig. 4F) . The delay in pollen development was more profound at the late vacuolated (Fig. 4E, F) and mature pollen stages (Fig. 4G, H) . In mutant pollen, the large vacuoles did not disappear and the cytoplasm density did not increase as much. At these late stages of pollen development there was no significant difference in the size between the mutant and wild-type pollen. Most of the less developed pollen could be stained by GUS solution whereas the normal pollen could not, indicating that the delay in rip1 pollen development was due to our T-DNA insertion within the RIP1 gene ( Supplementary Fig. 3A ). During the GUS staining, rip1 pollen grains shrank due to their large vacuole.
Pollen grains of RIP1 do not germinate
Because mutant pollen development was so severely delayed, we analyzed in vitro pollen germinability. Ninety-five percent (324/342) of the wild-type grains germinated under conditions optimized for pollen tube germination and elongation (Fig. 5A ). In contrast, 58% (864/1482) of the grains from RIP1/rip1 anthers failed to germinate under the same conditions (Fig. 5B) . GUS staining showed that these ungerminated pollen grains were mostly GUS positive, while those that germinated were not (Fig. 5C ). Therefore, T-DNA disruption of the RIP1 gene not only delayed pollen maturation but also caused defects in its germination.
We used 4 0 ,6-diamidino-2-phenylindole (DAPI) staining and fluorescence microscopy to determine whether mitotic cell divisions were affected in mutant grains (Fig. 5D, Supplementary Fig. 3B, C) . The rip1 pollen was distinguished from the wild type by GUS staining (Fig. 5E ). Both rip1 and wild-type grains contained three nuclei in the mature pollen, with the two more brightly stained, small organelles being the sperm nuclei, and the larger and diffusely stained nucleus being the vegetative cell nucleus (Fig. 5D ). This analysis indicated that the RIP1 mutation did not affect sperm cell development and division. We also tested pollen viability from RIP1/rip1 heterozygous anthers via fluorescein diacetate staining and observed that both types of pollen were equally viable (data not shown).
Transgenic plants expressing the RIP1 antisense transcript show the same male gametophyte defects
To confirm that the pollen defect was indeed due to a mutation within the RIP1 gene, we constructed an antisense molecule by placing a partial RIP1 cDNA (Fig. 2B) in the antisense orientation downstream of the ubiquitin (ubi) promoter (Fig. 6A) In vitro germination test and DAPI staining. Pollen grains from wild-type (A) and RIP1/rip1 (B) anthers at the mature stage were germinated for 2 h in pollen germination medium, then observed via bright-field microscopy. The germinated pollen from RIP1/rip1 anthers was stained in GUS assay solution for 3 h before microscope observations (C). Pollen from RIP1/rip1 anthers at the mature stage was fixed and stained with DAPI (D) and GUS solutions (E). Stained pollen was monitored with a fluorescence microscope (D) and bright-field microscope (E). Gp, germination pore; S, sperm nuclei; V, vegetative nuclei. Bars ¼ 50 mm.
the delayed-pollen phenotype as observed from the T-DNA insertional mutant (Fig. 6B, C) . Interestingly, pollen development in 22 plants was delayed more significantly than in the T-DNA insertional line (Fig. 6B) , while in the remaining six that phenotype was milder than seen in the insertional mutant plants (Fig. 6C) . RT-PCR and quantitative real-time RT-PCR analyses showed that RIP1 transcript levels were reduced in both types (Fig. 6D, E) . Therefore, the phenotypic gradient between severe and mild could not be explained by the level of RIP1 expression. Because another gene (Os11g0134500) is highly homologous to RIP1, the severe phenotype was probably due to antisense suppression of the other gene. As previously mentioned, homology between the two genes is 98% at the nucleotide level in the coding region. Therefore, we were unable to make a RIP1-specific antisense construct. As shown in Fig. 6D and F, transcript levels of Os11g0134500 were significantly reduced in four antisense plants (as-1, as-2, as-3 and as-4) that showed severe phenotypes, whereas the level was not changed significantly in the transgenic plants (as-5, as-6 and as-7) with mild phenotypes. These results indicate that the severe retardation of pollen maturation in the antisense plants was due to the suppression of transcripts for both genes.
Maturation is delayed in rip1 pollen grains To visualize pollen defects on a finer scale, we used transmission electron microscopy (TEM) to compare anthers from RIP1/rip1 and wild-type plants at the late vacuolated ( Fig. 7A ) and mature pollen stages (Fig. 7B) . At low magnification, two types of pollen were clearly distinguishable, with the darker, more developed pollen similar to wild type and the lesser developed, vacuolated grains being from the rip1 mutant (Fig. 7A, B) .
At high magnification, the most obvious difference between pollen sources was in vacuole size, being smaller in the wild type (Fig. 7C, E) , but remaining much larger in the mutant (Fig. 7D, F) . In addition, cytoplasm density was low in the latter type (Fig. 7D, F) . Some of the most significant characters in mature pollen grains are the starch granules, which began to develop at the late vacuolated stage of the wild-type pollen (Fig. 7C, G) . However, those structures were rarely detectable in rip1 pollen at that stage (Fig. 7D, H) . Furthermore, at the mature stage, the cytoplasm of the wild-type pollen grains was enriched with numerous starch granules (Fig. 7E, I ), whereas, in the mutant, those granules were much smaller and delayed in their formation (Fig. 7F, J) . Potassium iodide staining experiments also support that rip1 pollen grains accumulated a smaller amount of starch ( Supplementary Fig. 4A, B) . The protein level was also reduced in the mutant pollen ( Supplementary Fig. 4C, D) . In the mutant pollen grains, the mitochondria contained fewer cristae (Fig. 7O-R) . Although morphological defects in the Golgi apparatus, lipid bodies, plastids and endoplasmic reticulum were not visible, their overall numbers were reduced in the mutant pollen (Fig. 7G-J , Supplementary Figs. 5, 6 ). The pollen wall has two layers: the exine derived from the tapetum and the intine made primarily of celloses from the male gametophyte. In our mutant grains, the morphology of the exine layer was unchanged (Fig. 7K-N) ; scanning electron micrographs of grains from RIP1/rip1 anthers at the mature pollen stage also showed no morphological differences in that exine layer (data not shown). However, the mutant pollen formed thinner intine layers (Fig. 7L, N) compared with the wild-type grains (Fig. 7K, M ).
RIP1 is a nuclear protein
Most WD40 repeat proteins in plants are located in the nucleus, where they perform various functions such as rRNA biogenesis, chromatin modification and transcriptional regulation (Wang et al. 1999 , Shi et al. 2005 , Yi and Deng 2005 . Our phylogenic tree analysis showed that GRWD1, RRB1 and Arabidopsis putative nucleotide-binding protein (AAK43883.1) were within the same clade as RIP1 (Supplementary Fig. 1 ). The yeast WD40 protein, RRB1, was targeted to the nucleus and accumulated in the nucleolus (Iouk et al. 2001 ). An immunolocalization assay revealed that the GRWD1 protein was also present, mainly within the nuclei of transduced cells (Gratenstein et al. 2005) . Because the RIP1 mutation had pleiotropic effects on pollen development, it is possible that RIP1 is a nuclear protein (Yi and Deng. 2005) . Therefore, to elucidate the subcellular localization of that protein, we made a fusion of the green fluorescent protein (GFP) gene at the C-terminus of RIP1. This construct was placed under the control of the 35S promoter and the nos terminator (Fig. 8A) . As a positive control, the cDNA of a previously characterized nuclear protein, OsMADS3, was fused to the red fluorescent protein (RFP) gene and located between the same regulatory elements (Kang et al. 1998) . When the chimeric molecules were co-introduced into protoplasts prepared from Oc-cultured cells (Isshiki et al. 2001 , Isshiki et al. 2006 , both the green and red fluorescence signals were detected in the nucleus (Fig. 8B-D) . Therefore, we could conclude that RIP1 is likely to be a nuclear protein Discussion T-DNA tagging using the GUS reporter gene is an efficient way to identify gametophyte-defective mutants Gametophytic mutants are difficult to screen because they are visible only microscopically. Therefore, visual screening methods for detecting male gametophytic mutants have been developed. For example, aniline blue is used to stain callose, a component of the pollen tube wall. Pollen from ethylmethane sulfonate-mutagenized populations has been bulk-screened by this staining method to obtain such male gamete-defective mutants as raring-to-go, gift-wrapped pollen, polka dot pollen and emotionally fragile pollen (Johnson and McCormick 2001) . Another strategy is the utilization of insertional mutant populations. Through the screening of distorted segregation ratios (1 : 1) for insertional elements, several genes essential for male gametophyte development or germination have been identified , Procissi et al. 2001 .
Here, we employed a simple chemical assay using the GUS gene product to identify genes necessary for male gametophyte development. We have previously generated insertional mutants in rice using the T-DNA vector that carries a promoter-less GUS gene, so that insertion of the T-DNA within a gene generates a translational fusion between an endogenous gene and the GUS reporter gene (Jeon et al. 2000 , Jeong et al. 2002 . By screening lines that are GUS positive in the anther, we have been able to enrich T-DNA insertional lines that may show defects in that reproductive organ. For example, the Undeveloped Tapetum 1 (Udt1) gene, a major regulator of early tapetum development, was identified with this strategy (Jung et al. 2005) . Using the same method, we have identified several mutants that show pollen-preferential GUS expression at the late vacuolated stage and have no homozygous progeny. Here, we report the characterization of rip1, one of those mutants.
The RIP1 mutation causes pleiotropic effects on the development of various organelles in late-stage pollen Our rip1 mutant exhibited segregation distortion, and rip1/rip1 homozygous progeny were not present during five consequent generations produced by selfing RIP1/rip1 plants. Reciprocal crosses between RIP1/rip1 and the wild type indicated a problem in transmitting the rip1 allele through the male.
The rip1 gametophyte showed several phenotypic alterations during pollen maturation, with one of the most visible being a delay in starch granule formation. The biosynthesis of starch during the late stages of pollen development is critical not only to provide an energy resource for germination but also because starch serves as a checkpoint of pollen maturity (Datta et al. 2002) . Levels below the threshold cause premature termination of pollen development during pollen mitosis I, as demonstrated by genetically controlled male sterility studies and an antisense approach with the wheat sucrose non-fermenting-1-related protein kinase (SnRK1) gene (Wen and Chase 1999 , Zhang et al. 2001 , Datta et al. 2002 . Pollen development can be divided into two stages: early, characterized by a lack of starch before or during pollen mitosis I; and late, when starch filling is active in the post-pollen mitosis II phase. Proteomic analyses have identified the late stage-induced enzymes involved in starch biosynthesis (Kerim et al. 2003) . During the transition from early to late stage, the development of starch granules in our rip1 pollen was severely affected. It will now be necessary to elucidate whether rip1 affects hexose uptake or starch biosynthesis.
This rice mutant also manifested a phenotype of delayed mitochondrial development, with the cristae of mitochondria in mutant pollen grains being less developed than in the wild type. The importance of mitochondria in pollen formation has been well demonstrated (Linke and Borner 2005) . Pollen grains contain several lipid structures, which also play a key role in male gametophyte development. Both the pollen coat and the sporopollenin, the major component of extracellular pollen wall exine, are synthesized in the tapetum under the control of the sporophytic genome (Scott 1994) . Two critical intracellular lipidic structures, i.e. storage oil bodies and an extensive membrane network, are produced in the vegetative cell by the gametophytic genome (Charzynska et al. 1989 , Wetzel and Jensen 1992 , Piffanelli et al. 1997 . The intracellular lipid body of pollen grains acts as a reserve of energy and biomolecules for pollen germination. Although we found no visible alterations in the extracellular walls produced from the tapetum cells, the thickness of the intine was reduced and the density of lipid bodies in the cytosol was lower in our rip1 pollen. Intine formation requires extensive secretion of Golgi-derived vesicles that contain membrane, protein and cell wall precursors (Kang et al. 2003) . Thus, the reduced number of those vesicles here probably diminished the development of intine in the rip1 pollen.
In addition to delaying the formation of starch granules, mitochondria and lipid bodies, this rip1 mutation also affected the development of other organelles, e.g. Golgi apparatus, plastids and endoplasmic reticulum. These pleiotropic effects on the rip1 mutant pollen grains strongly indicate that the RIP1 gene plays a key role in controlling pollen development at the late stages.
The rip1 pollen grains fail to germinate
One of the major reasons that the rip1 allele did not transmit through the male gametophyte was probably because of failures in pollen germination and growth. Under identical in vitro conditions, the rip1 pollen did not germinate while most of the RIP1 pollen both germinated and elongated. Pollen germination and tube elongation are high energy-demanding processes Warmke 1979, Taylor and Hepler 1997) . Rapid tube growth and efficient energy metabolism are of prime importance for male reproductive success, and premature rip1 pollen grains are inevitable when energy is in short supply. One possibility lies in the defective mitochondria, which probably failed to generate a sufficient amount of ATP during pollen germination. Since the intine layers are involved in pollen tube emergence (Heslop-Harrison 1979) , the mutant pollen with underdeveloped intine layer should show a defective phenotype during pollen germination.
The RIP1 gene is preferentially expressed in male gametophytes at the late developmental stages By tagging the RIP1 gene via GUS, we were able to monitor its expression patterns easily. In the vegetative stages, most organs were GUS negative, and very weak expression of the reporter gene was seen only in the sheaths. In the early reproductive stages, no GUS expression was detectable from any of the floral organs. However, as the spikelets developed further, the pollen grains were preferentially GUS stained. To confirm expression patterns at the transcript level, we conducted semi-quantitative RT-PCR analysis. As expected, the RIP1 transcript was abundant in later-stage anthers. However, this assay also revealed weak expression in other floral organs. Because another gene (Os11g0134500) is highly homologous to RIP1, we selected primers specific to RIP1. Then, to ensure that the PCR product was from RIP1, we sequenced the products from organs with weak expression, where GUS activity was not detected. This analysis showed that the RT-PCR products were only from RIP1. Therefore, we conclude that RIP1 was expressed only at low levels in the other floral organs.
Transcriptome analysis of Arabidopsis male gametophyte development has identified numerous genes that are rapidly induced in later-stage anthers . By comparing rice anther microarrays and proteomics, several genes have been found that have significant changes in expression during the pollen maturation process (Endo et al. 2004 , Yamaguchi et al. 2004 , Jung et al. 2005 , Wang et al. 2005 . These late genes generally play a role in pollen maturation and germination. Functional approaches that utilize such expression profiling information will enhance our knowledge of male gamete development in crop species (An et al. 2005a , An et al. 2005b ).
RIP1 is a nuclear protein that contains WD40 repeats RIP1 belongs to a family of WD40 repeat-containing proteins that perform a wide range of cellular functions (Smith et al. 1999, Li and Roberts 2001) . A search of conserved domains has predicted that RIP1 contains five WD40 repeat domains at the C-terminus. Multiple alignments of proteins with high similarities to RIP1 also indicate conserved WD repeat domains within this family. Although a role for this group in plants is not known, the function of RIP1 could be predicted from previous studies of human GRWD1 and yeast RRB1, which share 59 and 49% similarity, respectively, with RIP1. These and many other WD40 repeat proteins are localized to the nucleus (Hennig et al. 2005 , Shi et al. 2005 , an observation also noted for RIP1.
Materials and Methods
Plant growth
Seeds from wild-type japonica rice (Oryza sativa cv. Dongjin) and RIP1/rip1 plants were germinated on a medium containing 0.44% Murashige and Skoog basal salts, 3% sucrose, 0.2% Phytagel and 0.55 mM myo-inositol (Sigma, St Louis, MO, USA). The seedlings were grown for 1 week at 278C under continuous light, then transplanted to soil in the greenhouse and raised to maturity.
Histochemical GUS assay and microscopic analyses
Histochemical GUS staining was performed as described by Jefferson et al. (1987) and Dai et al. (1996) , except for the addition of 20% methanol to the staining solution. For light microscopic analysis, the tissues were fixed in a solution containing 50% ethanol, 5% acetic acid and 3.7% formaldehyde, and then embedded in Technovit 8100 Resin (Kulzer & Co., Wehrheim, Germany). The samples were sectioned to 3-10 mm thickness with a microtome (Leica, Nussloch, Germany), and observed under a microscope (Nikon, Kanagawa, Japan) using bright-and dark-field illumination.
Isolation of T-DNA flanking sequence by TAIL-PCR and identification of a fusion transcript between the RIP1 and GUS genes
PCRs were performed in 50 ml of a mixture containing 2 ng of cDNA, 10Â Ex Taq buffer, 0.2 mM dNTP, 0.5 U of Ex Taq polymerase (TAKARA SHIZU CO., LTD, Tokyo, Japan) and 1 mM of the primers. TAIL-PCR was conducted as described previously (Liu et al. 1995 , Jung et al. 2005 . The template was cDNA prepared from the panicles of RIP1/rip1 plants collected at the vacuolated stage. The specific primers were gus1
. The third PCR product was subjected directly to sequencing using the gus3 primer.
The fusion transcript between RIP1 and GUS was amplified by the p2 primer (5 0 -AACTTGGACTCGTGCGATCG-3 0 , 657 bp downstream from the ATG start codon of the RIP1 gene; Fig. 2B ) and by the p1 primer (5 0 -CATCACTTCCTGATTAT TGACC-3 0 , 316 bp downstream from the ATG start codon of the GUS gene; Fig. 2B ).
Genotyping the mutant plants
PCRs for genotyping were performed in 50 ml of a mixture containing 20 ng of plant DNA, 10Â Ex Taq buffer, 0.2 mM dNTP, 0.5 U of Ex Taq polymerase (TAKARA SHIZO CO., LTD) and 1 mM of the primers. The protocol included 35 cycles of 948C for 60 s, 608C for 60 s and 728C for 120 s. Primers for genotyping were 5 0 -TGCATCCACGTCATCCAT GA-3 0 (361 bp upstream from the ATG start codon of the RIP1 gene), 5 0 -TGCTCCAGACTCTGCTAATG-3 0 (2,068 bp downstream from the ATG start codon of the RIP1 gene) and 5 0 -CATCACTTCCTGATTATTGACC-3 0 (316 bp downstream from the ATG start codon of the GUS gene; p1 in Fig. 2B ).
RT-PCR and DNA gel blot analyses
Total RNAs were isolated using Tri Reagent (MRCI Inc., Cincinnati, OH, USA). For the first-strand cDNA synthesis, 2 mg of total RNA was reverse-transcribed in a total volume of 25 ml that contained 10 ng of oligo(dT) 12-18 primer, 2.5 mM deoxynucleotide triphosphate (dNTP) and 200 U of Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI, USA) in a 5Â reaction buffer. PCR was performed in a 50 ml solution containing a 1 ml aliquot of the cDNA reaction, 0.2 mM of gene-specific primers, 10 mM dNTPs, 1 U of Taq DNA polymerase (Solgent, Daejeon, Korea) and the reaction buffer. The primers for Ubiquitin (Ubi, Os03g0221500) were 5 0 -CACGGTTCAACAACATCCAG-3 0 and 5 0 -TGAAGACCCTGACTGGGAAG-3 0 (16 cycles). Primers for Os11g0134500 were 5 0 -AACTTGGCCTTGTGCGATCT-3 0 (636 bp downstream from the ATG start codon of the gene) and 5 0 -TAGCCTTCATCTTTATGGCT-3 0 (2,114 bp downstream from the ATG start codon of the gene) (20 cycles). The primers for RIP1 were 5 0 -AACTTGGACTCGTGCGATCG-3 0 (657 bp downstream from the ATG start codon of the RIP1 gene; p3 in Fig. 2B ) and 5 0 -TAGCCTTCATCTTTATGGCC-3 0 (2,144 bp downstream from the ATG start codon of the gene; p4 in Fig. 2B ) (20 cycles). The reaction included an initial 5 min denaturation at 948C, followed by 16-20 cycles of PCR (948C for 45 min, 608C for 45 min and 728C for 1 min), and a final 10 min at 728C. Afterward, 10 ml of the reaction mixture was separated on a 1.2% agarose gel, blotted onto a nylon membrane and hybridized with 32 P-labeled gene-specific probes, as described previously (Kang et al. 1998 ).
Quantitative real-time RT-PCR
Real-time PCR was performed using a Roche Lightcyler II with cDNAs prepared from anthers. SYBR premix ExTaq (TAKARA SHIZO CO., LTD) was used. PCRs were carried out in a final volume of 20 ml of reaction mixture containing 10 ml of PCR mixture, 1 ml of cDNA and 0.5 mM of each primer under the following conditions: 1 min at 958C and 45 cycles at 948C for 15 s, 608C for 13 s and 728C for 12 s. At the end of the reaction, the specificity of the primer set was confirmed by melting curve. The ubi mRNA level was used to normalize the expression ratio of each gene. The primers for RIP1 were 5 0 -AACTTGG ACTCGTGCGATCG-3 0 (657 bp downstream from the ATG start codon of the RIP1 gene) and 5 0 -TGGGC ATTGTGTCTTCATTAG-3 0 (1,136 bp downstream from the ATG start codon of the gene). Primers for Os11g0134500 were 5 0 -AACTTGGCCTTGTGCGATCT-3 0 (636 bp downstream from the ATG start codon of the gene) and 5 0 -TGGGCATTG TATCTTCATTAA-3 0 (1,113 bp downstream from the ATG start codon of the gene). The changes in gene expression were calculated using the delta-delta Ct Method.
In vitro pollen germination
Pollen grains from dehisced anthers (wild type and mutant) were placed on slide grass at 358C for 2 h in a pollen germination medium consisting of 1 mM CaCl 2 , 1 mM KCl, 0.8 mM MgSO 4 , 1.6 mM H 3 BO 3 , 30 mM CaSO 4 , 0.03% casein, 0.3% 2-(N-morpholino) ethanesulfonic acid, 10% sucrose and 12.5% polyethylene glycol. The humidity was maintained above 90%. Germinated pollen grains were then stained in the GUS assay solution at 378C for 3 h. The grains were observed with a microscope (Nikon), using bright-field illumination.
DAPI staining
Pollen grains were fixed in an ethanol : acetic acid (3 : 1) solution for 1 h at room temperature, and dehydrated through an ethanol series (75, 55 and 35%). They were then transferred to Tris-HCl buffer (pH 7.5) with 200 ng ml À1 DAPI, and incubated for 1 h at 608C. The stained pollen was monitored under UV light with a Zeiss Axioplan 2 microscope.
Rice immature pollen 1 mutant
Generation of antisense plants
The partial cDNA clone of RIP1 was amplified by PCR (Fig. 2B) , using the primers p5 (5 0 -CGTGAATGTCATCTCA TGGA-3 0 , 2,669 bp downstream from the ATG start codon of the gene) and p6 (5 0 -CTGATACTTGTAGACATGCA-3 0 , 4,077 bp downstream from the ATG start codon of the gene), then inserted in the antisense orientation into the multiple cloning site of pGA1611 (Lee et al. 1999 ). In the constructs, RIP1 was placed under the control of the maize Ubi promoter in the antisense direction. The fusion between the cauliflower mosaic virus (CaMV) 35S promoter and the hygromycin phosphotransferase (hpt) gene was used as a plant selectable marker. Scutellum-driven embryonic calli of O. sativa cv. Dongjin were then transformed via the Agrobacterium-mediated co-cultivation method (Lee et al. 1999) .
Ultrastructural analyses by transmission electron microscope
Anthers, sampled from wild-type plants and rip1 mutants at various stages of development, were fixed for 4 h in cacodylate buffer (pH 7.2) that contained 2% paraformaldehyde (Sigma) and 2% glutaraldehyde (Sigma). They were then rinsed with the same buffer and post-fixed for 1 h in cacodylate buffer containing 1% osmium tetroxide (Pelco International, Redding, CA, USA). After dehydration, the specimens were embedded in London Resin White (London Resin Co., London, UK). Ultra-thin sections (40-60 nm thick) collected on uncoated nickel grids (300 mesh) were stained with 4% uranyl acetate and examined at 60-80 kV with a JEOL 1200 transmission electron microscope (JEOL Ltd, Tokyo, Japan).
Transient expression of GFP and RFP fusion constructs in protoplasts
Protoplasts were prepared from rice Oc suspension cells (Ono et al. 2001 , Isshiki et al. 2001 , Isshiki et al. 2006 , as follows. The Oc cells were maintained as a suspension culture by subculturing every week. Five days after subculturing, they were harvested and incubated in an enzyme solution (1.5% cellulase RS, 0.5% macerozyme, 0.1% pectolyase, 0.6 M mannitol, 10 mM MES, 1 mM CaCl 2 and 0.1% bovine serum albumin) for 4-5 h at 268C with gentle agitation (50-75 r.p.m.). The protoplasts were isolated from the undigested material with a nylon mesh (20 mm) and centrifuged at 40-6 0 g for 2 min. They were then re-suspended in 5 ml of KMC solution (117 mM KCl, 82 mM MgCl 2 and 85 mM CaCl 2 ) and pelleted again by centrifugation for 90 s at 40-5 0 g. These pelleted protoplasts were re-suspended in an EP3 solution (70 mM KCl, 5 mM MgCl 2 , 0.4 M mannitol and 0.1% MES; pH 5.6). For our transfection experiment, 1 Â 10 6 protoplasts were electroporated with 20 mg each of the fusion constructs, using the Gene Pulser Xcell (BioRAD, Baltimore, MD, USA) at 300 V and 450 mF. Expression of the fusion constructs was monitored at various times after transformation by a Zeiss LSM510 confocal laser scanning microscope. The primers for constructing the RIP1-GFP fusion vectors were 5 0 -CCCTCT AGAATGGGTCGCAAGATCAAAGT-3 0 (the ATG start codon of RIP1 is underlined) and 5 0 -CCCGGATCCTA TCTGTGGATGCCAGTGCAA-3 0 (90 bp upstream of the TGA stop codon of RIP1).
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